Abstract. An asphalt pavement with self-repairing capabilities is believed to be very useful from the sustainable pavement point of view. This research focuses on understanding the self-healing mechanism of Asphalt concrete materials and the effects of material modifications, by means of testing. Two asphalt concrete mixtures were prepared, a fine blend and a coarse blend. Slab samples were prepared using roller compaction, beam specimens were obtained from slab samples for further testing.
INTRODUCTION
Cracking is one of the major failure modes in asphalt concrete. Micro-cracks form within the asphalt concrete during repetitive loading. If an asphalt pavement is loaded until fatigue failure begins. Eventually these micro-cracks will join to form macro-cracks, which result in permanent damage to the pavement. An asphalt pavement with selfrepairing capabilities is believed to be very useful to this respect. Road engineers know the self-healing phenomenon of asphalt mixtures for many years. When an asphalt concrete pavement is subjected to repetitive applications of multi-level vehicular loads and various durations of rest periods, three major mechanisms take place: fatigue, which can be regarded as damage-accumulation during loading; time-dependent behavior related to the viscoelastic nature of asphalt concrete; and chemical healing across micro-crack and macro-crack faces during rest periods (Sarsam and Rahem, 2009 ). The objective of this work focuses on healing of fatigue microcracking, which is cracking due to repetitive loading until the fatigue life of the pavement is reached. Healing rate was measured as a recovery of the effective initial and final stiffness at failure of a mixture. Liu et al. (2013) stated that Steel fibers were added to a porous asphalt mixture to make it electrically conductive and suitable for induction heating, they concluded that the healing capacity of porous asphalt concrete is increased by induction heating, based on the strength recovery, stiffness recovery, and fatigue life extension of porous asphalt cores and beams. On the other hand, (Garcia et al., 2011) show how to repair cracks in asphalt concrete by the addition of conductive fibers and fillers, improving its conductivity, and heating with induction energy to increase its self-healing rate. They stated that adding too much heat will melt the binder completely, and the characteristics of the material will be lost and with that all the benefits asphalt concrete has. The use of an external source to add heat via induction energy is a new concept recently applied in the asphalt industry; this method can be repeated if damage returns. Liu et al., 2011; Liu, 2012) addressed similar work and findings.
Healing by Induction Heating

Healing Through Rest Period
The rest period may be between each loading cycle or after some loading and rest cycles over a certain period. During the rest period, relaxation of stresses due to viscoelastic nature of asphalt mixtures and healing takes place. While relaxation of stresses is a well understood phenomenon in viscoelastic material, healing that too for asphalt mixtures is quite complex, yet to be unraveled. Healing was evaluated through the introduction of rest periods between loading cycles, it was observed that it increases fatigue life of the tested samples significantly (Bergh, 2011) . Lee et al. (2011) evaluated the healing effect by rest periods using the third scale Model Mobile Loading Simulator and Nondestructive Evaluation techniques. Impact method of stress wave was optimized to accurately analyze the phase velocity and obtain effective sampling depth. They concluded that damage accumulation due to the roll of micro crack propagation and healing in fatigue cracking was not clearly defined. Bhasin et al. (2009) tested cylindrical asphalt concrete specimens in tensile fatigue with and without rest periods. A group of test specimens was also subjected to thermal treatment by elevating the specimen temperature during rest periods. Results show that for two of the three asphalt mixtures, subjecting the specimens to a thermal treatment approximately doubled the fatigue cracking life of asphalt mixtures. Williams et al. (2001) stated that although healing was found to be dependent on the temperature of the mixture during the rest period and the length of the rest period, it was also found to be highly dependent on the type of asphalt cement. The fact that healing does occur in pavements in the field during rest periods suggests that the performance and service life of the pavement will he increased if rest periods are introduced, or if binders are used that heal more quickly and completely. Zofka et al. (2005) reported that under repeated traffic loading asphalt mixes deteriorate and the stiffness decreases. However, due to the healing effect asphalt mixes demonstrate strength recovery. It was shown that when the rest period increases the healing capacity increases as well. He concluded that the healing effects are present when the test temperature was higher than -10°C and the displacement rate was greater than 110μm/s. Santagata et al. (2012) provide results, which show the effects of several factors on fatigue and healing response such as binder type, ageing, and polymer modification. They concluded that Healing properties are evaluated by referring to the Relative Healing Index (RHI), which depends upon loading frequency and duration of rest periods.
Healing by External Temperature
Bituminous materials are expected to repair themselves during hot summers and (long) rest periods (Qiu. 2012) . The self healing process of damage in bituminous materials consists of two main phases, namely the crack closure and the strength gain phase. The driving force can be either thermal (temperature) or mechanical (by confinement, pressure). The self healing capability is related to the viscosity of the bitumen, which increases with increasing healing time, temperature and when the crack size is very small (Qiu. 2012) . Healing occurs due to temperature increases while in the microcracking range. Healing increases the useful life of the pavement (Grant, 2001) . Engineers have long suspected that small cracks in roads could heal themselves; European engineers have reported seeing cracks in roads disappear in the summer, only to reappear in the winter. In this work, the external temperature process was adopted by storing the asphalt concrete specimens in an oven at 85°C for two hours.
Impact of Pavement Ingredients on Healing
Grant (2001) concluded that the coarse-graded mixture was found to heal much faster than the finegraded mixture at 15°C, even though the same binder was used. This implies that below a certain temperature, there is almost no healing. It also implies that above a certain temperature, the sample incurs almost no damage because of the immediate healing. Sluer et al. (2012) presented the results of the surface energy measurements on six bitumen and ten aggregates. Based on these results the surface energy components of both bitumen and aggregates and the specific surface area of the aggregates are determined. From these data an estimation of the fracture, healing and stripping characteristics of the resulting asphalt mix can be made. The occurrence of micro crack healing in polymers is well documented. Asphalt binder contains hydrocarbon polymers, but only in recent years attempt has been made to quantify healing in asphalt pavements. Little et al. (1997) found that long-chain aliphatic molecules in binders are directly proportional to healing effects. Healing is a quantifiable measurement in asphalt pavements that can be compared between mixtures and at different temperatures by using healing rate process and comparison procedures. The healing of binders is a three-step process, consisting of the closure of micro cracks due to wetting (adhesion of two crack surfaces together driven by surface energy), the closure of macro cracks due to consolidating stresses and binder flow, and the complete recovery of mechanical properties due to diffusion of asphaltene structures.
Step (1) is believed to be the fastest, resulting only in the recovery of stiffness, while steps (2) and (3) are thought to occur much slower but improve both stiffness and strength of the material such that it exhibits mechanical properties similar to the virgin material. Roque et al. (2012) developed a test to evaluate the healing behavior of asphalt mixtures. The testing procedure consists of repeated loading damage tests (resilient modulus) during the damage phase followed by a healing phase during which resilient modulus tests are performed only periodically to measure modulus recovery (healing). A decrease in resilient modulus with an increasing number of load cycles is indicative of accumulation of micro-damage during the damage phase. Recovery of resilient modulus during the healing phase is indicative of damage recovery or healing. ) Demonstrate that micro-damage healing occurs and that it can be measured in the laboratory and in the field, they Confirm that the same fracture properties that control propagation of visible cracks control the propagation of micro-cracks, and identify the asphalt constituents, that influence micro-damage and micro-damage healing. They establish appropriate correlations between micro-damage and micro-damage healing in the laboratory.
Evaluation of Healing by Laboratory Testing
Theories of Healing Mechanism
Healing mechanism and the factors that affect this phenomenon are not very well understood. Healing occurs in asphalt mixtures due to the internal structure change. It is hypothesized in the literature that the internal structure change can be due to several mechanisms such as closure of micro cracks and macro cracks, coalescence of air voids, steric hardening of asphalt etc. To understand the actual field behavior of asphalt concrete pavements and to predict its service conditions to a reasonable accuracy, it is imperative that one understands the mechanism of healing that is at play during rest periods.
Traditional Fatigue Approach
The Traditional Fatigue Approach assumes that damage occurs in a specimen from repetitive loading that leads to eventual fatigue failure of the specimen. The method can be based on stress, strain or energy.
Fracture Mechanics Approach
The Fracture Mechanics Approach assumes there are inherent flaws in the material. When loading occurs, there are higher stress concentrations around the flaws because load distributed over a smaller area, which means the material no longer has a uniform stress distribution. Fracture mechanics describes the propagation of cracks through materials. Paris and Erdogan (1963) developed a crack rate law for use in linear elastic homogeneous materials. Paris' law is only applicable in the propagation phase and assumes the crack advances when any stress is applied.
Threshold Concept
Asphalt pavements can perform well in the field for many years without developing visible macro-cracks. (Zhang et al. (2001) proposed that if a certain threshold was not exceeded for a given mixture during repeated loadings, then no macro-crack would form. The micro-cracks could heal themselves with the help of temperature increases and/or rest periods. From laboratory testing, it was shown that if a test specimen was tested and loading was stopped before the threshold was reached, full healing occurred with rest and temperature increases. It was also shown that once the threshold was exceeded (i.e., once macrocracks developed), no healing was achieved with rest and temperature increases (Zhang, 2000) . Zhang et al. (2001) determined that dissipated creep strain energy (DCSE) to failure appears to be a fundamental parameter that serves as an appropriate threshold between micro-cracks and macro-cracks. DCSE is defined as the fracture energy, FE, minus the elastic energy, EE. From the strength test, failure strain (Sf), tensile strength (St) and fracture energy can be determined. From the resilient modulus test, the resilient modulus (MR) value can be found. They also showed that dissipated creep strain energy appears to be independent of mode of loading. This means the strength test results can be used to evaluate the repetitive loading test results. If the DCSE limit is not reached, macro-damage will not occur.
Dissipated Creep Strain Energy Approach
MATERIALS AND METHODS
The materials used in this study are locally available and selected from the currently used materials in road construction in Iraq.
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Asphalt Cement
Asphalt cement of (40-50) penetration graded was used in this study. It was obtained from AL-Nasiria Refinery; the physical properties of asphalt cement are shown in Table 1 . (SCRB specification, 2003) . It consists of hard, tough grains, free from loam and other deleterious substances. The physical properties of aggregates are listed in Table 2 . 
Selection of Aggregate Gradation
The selected gradation in this study follows the (SCRB, 2003) Specification and road note 31 (British standard) (wearing course), with 12.5 (mm) nominal maximum size, Table 4 show the selected aggregate gradation. 
Preparation of Modified Asphalt Concrete
Modified asphalt concrete was prepared using two different processes, in the first process; Modified asphalt cement was prepared in the laboratory, Asphalt cement was heated to a 150 °C, and Silica Fumes modifier was added gradually and blended. Different percentages (1, 2 and 3%) by weight of asphalt cement were implemented. The blending speed of 1300 rpm, at elevated temperature of (177-190°C) for 20 minutes was adopted to promote the chemical and physical bonding of the components. During the blending process, the asphalt cement swells and softens as an indication of possible reaction with Silica fumes. 2% silica fumes was selected as an optimum percentage. This modified asphalt cement was implemented for preparing the first group of modified asphalt concrete. In the second process, Fly Ash and lime stone dust modifier was added to the aggregate mixture as partial replacement of filler. Four percentage of Fly Ash and lime stone dust were implemented, (0, 2, 4, 6) %. The optimum percentage of fly ash and lime stone dust were 4%. This process was used to prepare the second group of modified asphalt concrete.
Preparation of Slab Samples and Beam Specimens
The optimum asphalt content was determined using Marshal Method, five different percentages of asphalt cement were tried (3.5, 4, 4.5, 5 and 5.5) % and 15 specimen were prepared for each additive type in accordance with ASTM D1559. The optimum asphalt content for SCRB mix was 4.9% with 2.282 gm/cm 3 bulk density when using limestone dust as filler, while it was 4.7% with 2.299gm/cm 3 when implementing coal fly ash as filler. On the other hand, the optimum asphalt content for RN31 mix was 4.7% with 2.295 gm/cm 3 bulk density when using limestone dust as filler, while it was 4.5% with 2.301gm/cm 3 when implementing coal fly ash as filler. Roller Compactor was implemented in this work. It follows European Standard (EN 12697 -33) . The required amount of aggregate was heated to (150) ˚C and asphalt cement was also heated to (150) ˚C, and then the predetermined amount of asphalt was added to the aggregate into the preheated mixing bowl. Mixing by hand was conducted for several minutes; the asphaltaggregate mixture was then subjected to short-term oven aging for 4 hours at temperature of 135 ˚C according to (AASHTO PP2, 1999) . The mix was stirred every 30 minutes during the short term aging process to prevent the outside of the mixture from aging more than the inner side because of increased air exposure, the mold was put in the oven to a temperature between (120-150ºC). A slab sample of (400×300×50) mm was prepared using the hot aged asphalt concrete loose mix. The mix was poured into the preheated slab mold of the Roller Compactor.
A. Short Term Oven Aging
B. Roller compaction C. Part of the Prepared Slabs.
Fig. 1: Slab preparation Procedure
It was leveled with a spatula and then it was placed into the device and prepared for compacting with a vertical load of (5) kN and vibration at air supply of (10) bar. Samples were subjected to roller compaction as per (EN12697-33, 2007 ) to achieve the target density for each asphalt content. The target densities mentioned above were achieved; then each slab was kept for (24) hours in the mold for cooling and then was withdrawn from the mold.
The procedure of short-term aging, compaction and the prepared slab samples are shown in Fig.1 .
Samples were prepared at optimum asphalt content and at asphalt contents of 0.5 percent above, and 0.5 percent below optimum as per superpave requirements. Beam specimens of 400mm x 50mm x60 mm were obtained from the slab using Diamondcutter according to (ASTM, 2009 ). The total number of beams was 60 specimens, while the prepared slabs consisted of (12) samples.
Repeated Flexural Fatigue Beam Testing
The Flexural Fatigue Beam Test estimates the cracking potential of asphalt pavement due to repeated heavy traffic loading. The procedure as per (AASHTO T 321, 2010) , and was implemented to determining the Fatigue Life of Compacted Hot-Mix Asphalt (HMA) Subjected to Repeated Flexural Bending. Fatigue life was measured at strain level of 750μƐ, and 400μƐ; frequency level of 5Hz; Test temperature of 20°C. Fig.2 shows the crack healing process adopted. Fig.3 shows the repeated flexural fatigue beam testing apparatus. The results of fatigue tests in terms of fatigue life (N f ) are summarized in table 5. The failure criteria were that the fatigue life is considered when beams reach 50% of its initial stiffness due to load repetitions. Table 6 illustrates the impact of crack healing on stiffness and deformation of asphalt concrete beam specimens. 
Crack healing technique
After subjecting the beam specimen to repeated flexural fatigue test, beams were withdrawn from the testing clamps. Visual examination has been implemented on each beam specimen. If surface cracks were visible, then such beams were discarded from further testing. If no sign of surface cracking was noticed, then beams were subjected to healing technique by storage inside an oven for two hours at 85 ° C. it was felt that the inside micro cracks would have a chance to heal. After the end of the healing time, the oven was turned off, and beams were allowed to cool at room temperature for two hours, then beams were transferred to the testing chamber and stored for three hours at 20 ° C. Beams were subjected to repeated flexural fatigue test to determine the impact of healing on its stiffness and fatigue life.
RESULTS AND DISCUSSIONS
The impact of crack healing on stiffness of asphalt concrete is demonstrated in fig.4 . Generally, the stiffness after 100 load cycles and the stiffness at failure increases after healing process. The figure shows that all the data plots are below the 45° line indicating an improvement in the properties. A power correlation was obtained with high coefficient of determination of 0.994 and 0.985 respectively, which could represent the healing impact on asphalt concrete stiffness properties. Stiffness after 100 load cycles may represent the real initial stiffness of asphalt concrete, and then it will decrease as loading proceeds. The stiffness at failure could represent the remaining 50% stiffness of asphalt concrete, which was considered as failure criteria for the four point loading flexural fatigue beam test as recommended by (AASHTO, 2007) . The impact of healing process on deformation and fatigue life was demonstrated in fig.5 , it could be noted that the fatigue life was extended after healing process for all types of asphalt concrete. The figure shows that all the data plots are below the 45° line indicating an improvement in the properties due to healing. A power correlation was obtained with high coefficient of determination of 0.971, which could represent the healing impact on fatigue life of asphalt concrete properties. The variation of deformation at failure before and after crack healing process was not significant as shown in fig. 5 . (Daniel, and Kim, 2001) , and (Jacobs, 1995) reported similar findings. Table 5 demonstrated that when testing beams of control mix with high strain level of 750 microstrain, the fatigue life was 486. While when testing the beam at lower strain level of 400 microstrain, beams exhibits higher fatigue life of 1897. On the other hand, the healing process shows higher impact on fatigue life for high strain level, the percent increase in fatigue life was 70.7% and 16.1% for 750 and 400 microstrain respectively. This may be attributed to the fact that high strain level causes more micro-cracks formation inside the beam at shorter time when compared to the case of lower strain level. The external heating process was more effective in healing of large amount of micro-cracks, which exhibit higher changes in fatigue life. Such finding agrees well with (Kim et al., 2003; Magnanimo et al., 2012) work.
Effect of Strain Level on fatigue life
Effect of Gradation Type on fatigue life
When finer gradation with lime modified asphalt concrete was implemented using road note 31 specification, lower fatigue life of 3637 was obtained as compared to that of 4293 for courser gradation of SCRB specification. The impact of healing was limited to 27.8% as compared to that of 93.3% for course gradation. Fine gradation with fly ash modifier shows better healing capabilities of 18.7% as compared to 16.1% of control mix at 4.4 asphalt content as illustrated in table 5. Table 5 shows that at optimum asphalt content of 4.9%, lime modified asphalt mix exhibit longer fatigue life of 4293 as compared to that of 2722 for control mix. When the beams are subjected to healing process, the percent change in fatigue life was many folds longer than that of control mix. When asphalt content was reduced by 0.5%, similar behavior could be detected. The fatigue life of 1897 was obtained for control mix as compared to 3371 in case of limemodified mix. The percent increase in fatigue life due to healing was 51.7% for lime-modified mix as compared to 16.1% for control mix. When fly ash was introduced as partial replacement of filler, the fatigue life decreases to 7120 as compared to that of 42128 for control mix while changing asphalt content from (5.2 to 4.2)%. On the other hand, healing was more pronounced at lower asphalt content, it shows 26.7% increase in fatigue life as compared to 1.04% for higher asphalt content. Implementation of silica fumes for modification of asphalt concrete quality exhibits longer fatigue life of 7136 as compared to that of 2722 for control mix at optimum asphalt content. On the other hand, the increases in fatigue life due to healing process were four folds in case of modified asphalt concrete as compared to that of control mix. (Kim et al., 1990; Kim et al., 1994) reported similar findings. Table 6 demonstrated that for lime modified mix at optimum asphalt content, the initial stiffness at 100 load repetitions was 329 MPa, and it increases by 92% after crack healing, while for control mix the initial stiffness was 1829 MPa and increases by 15.9% after healing. Similar behavior could be noticed for stiffness values at failure. This may indicate the positive impact of lime on stiffness.
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Effect of Additives on fatigue life
Effect of additives on stiffness
When fly ash was implemented as partial substitute of filler, the initial stiffness was 129 MPa and increases by 86.8% after healing, while it was 1381 MPa for control mix and increases by 27.2% after healing. On the other hand, the stiffness at failure was 36 MPa and 154 MPa for fly ash and control mixes respectively, it increases by (34.6 and 27.4)% after healing respectively. This could indicate the positive impact of fly ash on the stiffness of asphalt concrete.
When silica fumes was introduced, it exhibit high initial stiffness of 8429 MPa while it shows 4219 MPa of stiffness at failure, the stiffness increases by (3.3 and 4.1)% after healing respectively.
Effect of strain level on stiffness
As demonstrated in table 6, the stiffness at failure was reduced by 50% as compared to initial stiffness for control mix with 4.4% asphalt content. Similar behavior could be noticed when changing microstrain level from 400 to 750, the initial stiffness decreased from 1381 to 914 MPa, while the stiffness at failure also decreased from 685 to 455 MPa for control mix with 4.4% asphalt content at 400 and 750 microstrain levels respectively before healing. After crack healing, 750-microstrain level exhibits 27.2% and 22.4% improvement of initial and failure microstrain respectively. On the other hand, 400-microstrain level shows 19.4% and 16.9% of improvements in initial and failure strain respectively.
Effect of gradation type on stiffness
Fine gradation of road note 31 exhibits higher initial stiffness when compared to coarse gradation of SCRB specification for lime-modified asphalt concrete at optimum asphalt content. On the other hand, the variation in stiffness at failure was not significant. After healing process, the initial stiffness was increased by 92% and the stiffness at failure increases by 93.7% for coarse graded mix, while it increases by 35.6% and 45.3% respectively for fine mixes. 
CONCLUSION
Based on the limited testing program, the following conclusions are drawn: 1. The initial stiffness (after 100 load cycles) and the stiffness at failure increases after healing process for all types of asphalt concrete mixes, while the variation of deformation at failure before and after crack healing process was not significant.
2. The fatigue life was extended after healing process for all types of asphalt concrete. The healing process shows higher impact on fatigue life at high strain level, the percent increase in fatigue life was 70.7% and 16.1% for 750 and 400 microstrain respectively.
3. For lime-modified mix, the impact of healing was limited to 27.8% for fine graded mix as compared to that of 93.3% for course gradation. Fine gradation with fly ash modifier shows better healing capabilities of 18.7% as compared to 16.1% of course graded control mix at 4.4 asphalt content.
4. Lime modified asphalt mix exhibit longer fatigue life as compared with control mix. When the beams are subjected to healing process, the percent change in fatigue life was many folds longer than that of control mix. For Fly ash modified mix, the fatigue life decreases as compared to that of control mix while changing asphalt content from (5.2 to 4.2)%.
Silica fumes modified asphalt concrete exhibits longer fatigue life and high stiffness as compared to that for control mix at optimum asphalt content. The increases in fatigue life due to healing process were four folds in case of modified asphalt concrete as compared to that of control mix.
5. After crack healing, 750-microstrain level exhibits 27.2% and 22.4% improvement of initial and failure microstrain respectively. On the other hand, 400-microstrain level shows 19.4% and 16.9% of improvements in initial and failure strain respectively. 6. After healing process, the initial stiffness was increased by 92% and the stiffness at failure increases by 93.7% for coarse graded mix, while it increases by 35.6% and 45.3% respectively for fine mixes.
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